In this study we investigated the developmental expression of histidine decarboxylase (HDC) mRNA and the distribution of histamine-immunoreactive (histamine-ir) cells in the rat embryonic tissues. We applied Northern blot analysis, in situ hybridization with synthetic oligonucleotide probes complementary to the rat HDC cDNA, and indirect histamine immunocytochemistry. Northern blot analysis revealed the appearance of a major (2.6 KB) HDC mRNA species in liver on embryonic Day 14. Its hybridization level peaked on Day E18, when two minor (1.6 and 3.5 KB) mRNA species were also present. During the periparturition period, a rapid decrease in HDC RNA was apparent, as the 2.6 KB mRNA species was expressed at a low level on postnatal Day P1. The embryonic liver expressed HDC on days E14-E20.
Introduction
Histamine is a ubiquitous chemical mediator that acts as a neurotransmitter, a modulator of inflammatory reactions, and a regulator of gastric acid secretion (Schwartz et al., 1980; Sol1 and Walsh, 1979; Kahlson and Rosengren, 1968) . High histamine-forming capacity reflecting the high tissue concentration of the histamineforming enzyme L-histidine decarboxylase (HDC; EC 4.1.1.22) is closely associated with proliferation of certain cells in vivo, e.g., in embryonic development, tumor growth, regenerating liver, hematopoiesis, and wound healing (Nissinen and Panula, 1995; Brandes et al., 1992; Nissinen et al., 1992a,c; Bartholeyns and Fozard, 1985; Kahlson and Rosengren, 1968) . Blocking of H 2 receptors inhibits tumor growth (Burtin et al., 1988) , whereas activation of Ca2'-mobilizing H I receptors favors cell proliferation (Tilly et al., 1990) . Furthermore, histamine may mimic the role of polyamines at an intracellular site to stimulate cell proliferation (Grahn and Rosengren, 1970) . Histamine-containing mast cells, which are frequently abundant in the contiguous tissue of metastatic tumors (Cawley and Hoch-Ligeti, 1961) and embryonic tissues (Nissenen et al., 1992a) , may have an activating influence on proliferating cells (Tilly et al., 1990) . Interestingly. in hematopoietic bone marrow, histamine triggers both pluripotent stem cells' and colonyforming cells' entry into the cell cycle and induces differentia-tion of myeloblasts into myelocytes and metamyelocytes (Tang a n d Xu, 1987; Byron, 1980) . Evidence showing that enhanced HDC mRNA expression occurs in a subset of the progenitor-enriched bone marrow cells during stimulation of interleukin 3 may indicate a physiological relevance of histamine in hematopoiesis (Dy et al., 1993) . Recent data indicate that the low-affinity intracellular binding site for histamine, which also mediates platelet aggregation, may be implicated in cell proliferation (Saxena e t al., 1989; Brandes et al., 1987 Brandes et al., ,1990 Brandes et al., ,1992 . Initially, a role for histamine during embryogenesis was suggested by arrest of growth, death, a n d absorption of the embryo after inhibition of histamine formation by the u nspecific HDC inhibitor semicarbazide superimposed o n a pyridoxine-deficient diet (Kahlson et al., 1960) . More support for the role of histamine in growing tissues has been provided by the observations that the specific and irreversible HDC inhibitor alpha-fluoromethylhistidine (a-FMH) (Kollonitsch et al., 1978) can slow tumor growth (Bartholeyns and Fozard, 1985; Bartholeyns a n d Bouclier, 1984) .
The cloning and sequencing of a cDNA encoding HDC in fetal rat liver has enabled detection of three species of HDC mRNA, which migrate as 1.6, 2.6, and 3.5 KB RNA, and determination of their expression levels in various regions in rat brain (Bayliss e t al., 1990) . We have previously used synthetic oligonucleotide probes complementary to rat HDC c D N A to study the neuronal expression of HDC in the rat brain (Castrin a n d . In this study we analyzed HDC mRNA in embryos and embryonic livers in different age groups by Northern blot hybridization with HDC cDNA as a probe. Application of an antiserum against histamine in immunocytochemistry with l-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDAC) as a fixative enables sensitive and specific detection of histamine in various cells during early development, even when histamine concentration in tissues may be low (Nissinen and Panula, 1995; Nissinen et al.. 1992a,c; Panula et al., 1984 Panula et al., ,1985 Panula et al., ,1988 Panula et al., ,1990 . There is a prominent transiently histamine-containing neuron system, distinct from the adult tuberomamillary system, in t h e rat brain during embryonic development (Vanhala et al., 1994; Auvinen and Panula, 1988; Panula et al.. 1984 Panula et al.. ,1990 . The small size a n d difficult dissection of embryonic organs have limited attempts to measure HDC activity and histamine concentration to a few days before birth (Rosengren, 1963; Kahlson et al., 1960) . T h e ubiquitous nature of scattered histamine-containing mast cells in the connective tissues and among the epithelial cells render determinations of HDC activity and histamine concentration in embryonic peripheral neuronal a n d epithelial tissues unreliable without histochemical verification in developing rat embryo.
Mapping of cellular stores of HDC mRNA and histamine during rat embryogenesis is essential now because of increased unraveling of molecular mechanisms behind development a n d differentiation. The purpose of this study was to correlate the spatiotemporal expression of HDC to the distribution of histamine immunoreactivity in the developing rat embryo.
Materials and Methods
Preparation of Tissues. All experiments were reviewed and accepted by the Institutional Review Committee for Experimental Animals. Wistar rats were mated overnight. The following day was counted as the first em-bryonic day (day El) for those successfully impregnated. On E10. E12, E14, E16, E18. and E20, embryos were surgically removed from their dams under deep sodium pentobarbital anesthesia (Mebunat; Orion, Finland) (60 mgikg bw IP) and fixed by immersion in 4% EDAC (Sigma; St Louis, MO) in 0.1.M sodium phosphate-buffer (PB). pH 7.4, at 4°C overnight. The embryos were then immersed in 0.1 M PB containing 20% sucrose at 4°C for at least 24 hr. At each age under study, three to five rats were examined. The embryos were then cut at 20-pm thickness with a cryostat and placed on gelatin-coated glass slides. Four newborn (PO), and four adult male (250-350 g) Wistar rats anesthetized with sodium pentobarbital (60 mg/kg bw IP) were perfused transcardially with 4% EDAC in 0.1 M PB, pH 7.4, at room temperature (RT). The tissues studied here were rapidly removed and treated as described for embryonic tissue.
Immunocytochemistry. Sections were incubated with the histamine antiserum (Code no. 1%; Panula et al., 1990) diluted 1:lOOO in PBS containing 0.2% Triton X-100 and 1% normal swine serum for 24-72 hr at 4°C. The sections were then incubated with fluorescein-conjugated swine antiserum against rabbit immunoglobulins (Dakopatts; Copenhagen, Denmark), diluted 1:40 in PBS-Triton for 1 hr at RT. After washing with PBS the sections were covered with glass coverslips and examined with a Letiz Aristoplan fluorescence microscope equipped for epi-illumination using appropriate filter corn binations.
Control Experiments for Immunocytochemistry. The specificity of the immunocytochemical method used here for histamine has been characterized extensively (Panula et al., 1984 . In a series of model experiments on nitrocellulose filters, EDAC-fixed histamine, but not L-histidine, was detected by the antiserum and pre-absorption of the antiserum with a histamine-protein conjugate completely abolished the reaction . The histamine antiserum used here did not detect other amines, L-histidine. or histidine-containing peptides in the model system of tissues (Nissinen et al., 1992a (Nissinen et al., ,c.1993 (Nissinen et al., ,1995 Panula et al., 1984 Panula et al., ,1985 Panula et al., . 1988 Panula et al., ,1990 .
To control the specificity of the histamine antiserum in rat tissues, the histamine antiserum was pre-absorbed for 24 hr at 4°C with L-histidine-ovalbumin conjugate, or histamine-ovalbumin conjugate at 10 pg/ml concentration, or thyrotropin-releasing hormone (TRH), a peptide containing L-histidine. at 50 pM concentration before application on sections. Some sections were incubated with histamine antiserum pre-incubated with subwance P (50 pM concentration), a peptide present in peripheral sensory nerves. No specific staining in any part of the embryos was seen in samples incubated with the histamine conjugate-absorbed antiserum (see Figures  4D, 5D , and 6H). The staining was not affected by L-histidine conjugate (see Figures 4E and GI), TRH, or substance P (not shown) in the antiserum.
In Situ Hybridization. Two 50-mer oligonucleotides were generated with an Applied Biosystems DNA synthesizer according to the published sequence of rat HDC, both complementary to regions with little or no sequence homology to rat dopa decarboxylase. Probe HDC 1 (CGA GCG TTC AGA GAG GAC TCA TCA GCA TTG GGC TCA TGC GCT TTC ATT TC) was complementary to nucleotides 583-632 and probe HDC2 ACA GAC TCC AG) to nucleotides 1603-1652 of rat HDC cDNA . A 50-mer oligonucleotide probe complementary to Staphylococcus aureus chloramphenicol acetyltransferase gene was used as a control probe, Both probes were labeled at their 3' ends with [ "SI-dATP (New England Nuclear; Boston, MA) and terminal deoxynucleotide transferase (Boehringer; Mannheim, Germany) according to manufacturers' protocols.
Wistar rat embryos used for in situ hybridization (E14, El6, E18, and E20; at least three at each stage) were fixed overnight by immersion in 4% buffered paraformaldehyde supplemented with 10% sucrose at 4°C. Whole embryos were then frozen and cut into 20-pm-thick sections in a cryostat at -20°C and mounted on gelatin-coated glass slides. Sections were dried, rinsed in PBS, and dehydrated in ethanol. Sections were then hybridized (ATC TTC CGG ACC TGT ACT GGG TCA TCT CCT CCC TCA TTG overnight at 31°C in hybridization buffer consisting of 50% formamide. I x Denhardt's solution (Ficoll. polyvinyl pvrrolidone. and bovine serum albumin, 0.02% each), 3 x SSC (1 x SSC = 0.15 NaCl and 15 mM sodium citrate. pH 7.0). 100 pglml salmon sperm DNA. 125 pglml yeast tRNA, 100 mM dithiotreitol, and 10% dextran sulfate. The sections were then washed three times for 5 min each in 2 x SSC and twice for 15 min in 0.5 x SSC at 55°C. rinsed in 0.5 x SSC at RT. and dehydrated in ethanol. Dried sections were dipped into photographic emulsion (NTP 2. Kodak: diluted 1:l with water) and exposed for 14 days. Developed sections were counterstained with toluidine blue and photographed with Kodak Ektachrome color film on a Leitz Arisroplan LM. The procedure and appropriate controls have been described earlier (Nissinen et al.. 1992b: Castrin and ).
The control probe did not show any hybridization in the rat embryo (see Figures 2D. 2H. and 3B). Two independent oligonucleotide probes complementary to different areas of the HDC gene yielded the same pattern of hybridization. Some sections were incubated in proteinase K (10 pglml: Sigma) or in RNAse A (20 pglml: Boehringer) for 30 min at 37'C to verify that the probes specifically hybridized with RNA. Pre-treatment of the sections with proteinase K did not influence the pattern of hybridization. The pre-treatment with RNAse A completely abolished the hybridization (not shown).
Northern Blot Analysis. Rat embryos (E14 and E18). 1 day-old newborns (PI). and en bloc-dissected livers (E18 and adult) were used to elucidate developmental patterns of HDC RNA using Northern blot analysis. Total RNA was isolated from tissues by a guanidinium thiocyanate-phenol-chloroform (AGPC) procedure, as described in detail by Chomczynski and Sacchi (1987) . At least three specimens were examined in each age group. Total RNA 15 pg was electrophoresed in a 1% agarose-formaldehyde gel and transferred to nylon membranes (Amersham: Poole. UK). A 1.2 KB fragment from the 5' end of HDC cDNA was used as a probe. It was labeled with [I2P]-dCTF' by random priming according to the manufacturer's instructions (Boehringer). Filters were pre-hybridized for 5 hr in hybridization buffer [50% deionized formamide, 5 x SSC. 1 x Denhardt's, 0.2% sodium dodecyl sulfate (SDS). 150 pglml salmon sperm DNA, 10% dextran sulfate and 100 pglml tRNA] at 42°C and then hybridized with the radiolabeled probe (4 x lo6 cpmlml) overnight at 42'C. They were washed twice for 15 min at 65'C in 0.2 x SSC. 0.1% sodium pyrophosphate. and 0.1% SDS. and then analyzed by exposing them on molecular imaging screens (Bio-Rad; Richmond, CA) for 20 hr at RT. The exposed screens were then scanned with infrared light in the phosphor imager (Molecular Imager; Bio-Rad). which records the data as a digitized image. The data were further processed for quantitative analysis by the Molecular Analyst computer software (Bio-Rad) and for paper printouts (see Figure IA ). Rehvbridization of the same filters with a glyceraldhyde-3-phosphate dehydrogenase (GAPDH) probe was performed to estimate the amount of RNA loaded per lane and the size of RNA expressed in samples (see Figure 1A ). The rat GAPDH probe template is the full-length cDNA insert described bv Fort and colleagues (1085). The quantitative data on HDC expression (cpmlband area) was adjusted to corresponding quantitative GAPDH expression and the relative amounts of HDC mRNA are shown as a bar chart (Prism, GraphPad) (see Figure le ). Each bar in Figure 1B represents the mean of three HDC and GAPDH expressions in one age group (see Figure  IA ). An RNA size marker(Promega; Madison, WI) and ethidium bromide staining were applied 10 evaluate the size of RNA species (not shown).
Toluidine Blue Staining. Mast cells were distinguished by their metachromasia when the EDAC-fixed and histamine-immunoreactive embryonic tissues were stained with toluidine blue (TB) in aqueous 15% ethanol solution (modified from Enerback. 1966) .
Results
Northern blot analysis was performed to reveal developmental pat- terns of embryonic HDC mRNA using a 32P-labeled rat HDC cDNA probe (Figure 1 ). To map the expression of HDC mRNA in the developing rat embryo, we carried out in situ hybridizations with j5S-labeled oligonucleotide probes complementary to two Figures 2 and 3) . Hybridizations were performed on days E14-E20 because histamine is synthesized most actively at this time. In parallel, we used probes complementary to S. ailreus chloramphenicol acetyltransferase gene as controls for the specificity of the hybridization reactions. In each case, the HDC probes gave similar reproducible signals over various embryonic cells (see below), whereas the control probe gave no detectable in situ hybridization signal over the tissues (Figures 2D. 2H. and 3B) . Sections of rat brain were used as positive controls. In them, a strong signal was detected with H D C oligoprobes but not with the control probe in the tuberomamillary nucleus (data not shown). We applied a characterized antiserum against histamine to visualize the appearance and distribution of histamine immunoreaction in the rat embryonic tissues ( 
Expression of HDC mRNA in the Rat Embryo
Northern blot analysis revealed a low-level expression of 2.6 and 1.6 KB HDC mRNA in the whole embryo on day E14 (Figure 1) . O n Day E18, 1.6, 2.6, and 3.5 K B HDC mRNA were expressed at much higher degree both in the whole embryo and in its liver than on Day E14 ( Figure 1B ). Furthermore, HDC mRNA expression exclusively in the liver on Day E18 was stronger than in the whole E18 embryo (Figure 1 ). Five or 6 days later, on day P1, the 2.6 KB species was detectable at a very low level in the whole newborn rat (Figure 1 ). In the samples from adult rat liver studied here, no detectable HDC mRNA signal was observed in the Northern blot analysis. Positive hybridization for HDC mRNA was observed in the embryonic liver from Day E14 (E16 in Figure 2F ) to Day E20 (Table 1; Figure 2A ). In this period, the liver was evenly and densely covered with silver grains after hybridization with HDC probes (Figure 2A) . On Days E18 and E20. this hybridization signal in the liver was extensively strong.
In the growth centers of the endochondrally ossificating vertebrae and in the epiphyseal growth plates of the long bones in the extremities, a moderate number of silver grains indicating specific hybridization were detected first on Day E18. A strong signal for HDC mRNA was observed in these areas on Day E20 (Table 1; Figures 2B. 2C. 2G, and 3A) . The silver grains were accumulated on the zone of maturation ( Figures 2B and 2C ). In addition, on Day E20 a positive HDC hybridization signal was frequently detected in the periosteal collar surrounding the endochondrally ossificating cartilage (Table 1; Figure 2C ). However, at the sites of intramembranous ossification. e.g., the skull, no HDC mRNA was detected (not shown).
Some striated muscle cells expressed weak or moderate specific HDC mRNA on Days E18 and E20, respectively (Table 1 ; Day E20 in Figures 2G and 3A) . These HDC mRNA-containing muscles occurred in the neck, thoracic, paravertebral, abdominal. and pelvic regions.
Appearance of Histamine Immunoreactivity in Tissues
The liver parenchyma displayed bright and even fluorescence for histamine from Day E12 to E16 (Table 2; Day E14 in Figure 4A and Day El6 in Figures 4B and BA) . From Days E18 to E20, histamine immunoreaction in the liver was still intense, but weaker than earlier and also patchy. In addition, many histamine-ir mast cells were recognized in the parenchyma by TB staining (not shown) from day El6 onwards. During the postnatal period and adulthood. histamine was exclusively restricted to scattered mast cells in the periportal connective tissue.
In the sites of endochondral ossification, large cells in the zone of maturation displayed specific histamine immunoreaction moderately on Day E18 and intensely on Day E20 (Table 2 ; Figures 5B  and 5C ). Some of these cells were easily identified as maturing chondrocytes ( Figure 5B ). At birth, this histamine immunoreaction was already faint. In addition, the periosteal collar surrounding the vertebrae and diaphysis of long bones in extremities showed faint and ' Auvinen and Panula. 1988 patchy histamine hmunoreaction during the same prenatal period ( Figure 5B, arrows) . On Days E18-E20, histamine was detected in some striated muscle cells at the neck and trunk regions ( Figures  5A and 5C ). Small numbers of histamine-ir mast cells appeared first beneath the skin on day E14. They were widely scattered on Day E16 in the connective tissue of the rat embryo, including the hypodermis and the mesentery ( Figure 4B ). In addition, from Day E16 to adulthood, histamine-ir mast cells were detected in all embryonic organs studied herein, and were mainly accumulated in the connective tissue surrounding the vessels. Histamine-ir mast cells increased in number in parallel with advancing age, and were very numerous in the adult rat tissues.
Histamine-ir enterochromaffin-like (ECL) cells appeared in the oxyntic mucosa first on Day E18 (Table 2 ). The number of these histamine-ir epithelial endocrine/paracrine ECL cells increased with advancing pre-and postnatal age, and during adulthood they were very abundant. As early as Day E18, they were frequently seen to carry characteristic long histamine-ir cytoplasmic processes, and differed in their location and metachromatic staining properties from the few gastric histamine-ir mast cells. Although the basal half of the oxyntic mucosa reveals strong specific HDC hybridization signal during adulthood (Nissinen et al., 1992b) , in the samples evaluated herein no silver grains were seen in the stomach during embryogenesis (Table 1) .
In endocrine tissues, embryonic histamine immunoreactivity was restricted to scattered mast cells from E16 onwards. However, many islet cells of the endocrine pancreas showed bright immunofluorescence for histamine on Days E16-PO (E16 in Figure 6E and E20 in Figure 6F ). In the peripheral nervous system, histamine immunoreactivity was widely but transiently distributed in neurons and nerve fibers during embryogenesis (Day E16 in Figures 6A. 6C , and 6D and Day E20 in Figures 6B and 6F ). Many nerve cells in both autonomic and sensory ganglia were immunoreactive from Day E16 onwards ( Figure 6C ; Table 2 ). At the same time, spinal, cranial, and autonomic nerve fibers were histamine-positive for the first time. During the period EI6-EZO. the number of histamine-ir neurons and the intensity of the histamine immunoreaction increased. Interestingly, various organs and anatomic structures contained histamine-ir nerve fibers. Among these tissues were the exocrine pancreas (Figure 6F) , lung ( Figure 6D ), salivary gland, skeletal and myocardial muscles, mesentery ( Figure 4B ). and gastrointestinal muscularis externa ( Figure 6B) . The histamine-ir nerve fibers appeared on Day El6 when their histamine immunoreaction was faint. On Days E18-E20 they were varicose and numerous, and formed dense networks around blood vessels. However, in the peripheral nervous system after Day PO and during adulthood, histamine was restricted exclusively to a few small, intensely fluorescent cells, as reported earlier (Happola et al.. 1985) .
Discussion

Co-expression of HDC mRNA una' Histamine
In the present study we have revealed several histamine-ir embryonic tissues in which the cells clearly expressed specific hybridization signal for HDC mRNA, i.e., the liver parenchyma, certain regions in the endochondrally ossificating bone, and some striated muscle cells in the trunk and neck regions. In addition, developmental patterns of HDC-expressing histaminergic system in the rat central nervous system (CNS) have been extensively characterized ( Vanhala et al., 1994; Auvinen and Panula, 1988) . We have shown here that the embryonic liver displays both HDC mRN'4 and histamine immunoreactivity from Days E14 to E20. This finding supports earlier results of Kahlson and colleagues (1960) . who suggested that the liver is the main source of histamine in the rat embryo. Both HDC mRNA and histamine were evenly distributed in the liver parenchyma. In the liver, only occasional histamine-ir mast cells appeared on Day El6, and their number remained low until adulthood. A major difference in histamine synthesis between the rat and mouse embryo is apparent (Nissinen and Panula, 1995) . In the liver of the mouse embryo, histamine is restricted exclusively to scattered mast cells (Nissinen and Panula, 1995) . On the other hand, many intensely histamine-ir mast cells are densely packed in the mouse spleen, dermis and hypodermis, thus forming the main store of mouse embryonic histamine (Nissinen and Panula, 1995) .
Both HDC mRNA and histamine immunoreactivity were observed in the endochondrally ossificating bone on Days E18 and E20. Hybridization signal was seen on large cells of the zone of maturation, which were at the same time intensely histamine-ir. Some of these cells could reliably be identified as maturing chondrocytes by fluorescence and light microscopy. The periosteal hybridization signal reported in this study was not evenly distributed but showed patchy signal similar to histamine immunoreaction in the same area. The finding that histamine is involved in bone development is in agreement with our previous study on histamine in embryonic mouse (Nissinen and Panula, 1995) . Interestingly, growing chondrocytes appear to synthesize and store histamine transiently during late embryogenesis on Days E18-E20. The possible physiological role of histamine in the epiphyseal growth plates is not known.
In the CNS, the neurons in the tuberomamillary nucleus synthesize and store histamine from Day E20 until adulthood ( Vanhala et al., 1994) . Interestingly, in both the rat and mouse embryo, the pons contains a temporary histamine-ir nervous system on Days E14-E16 (Nissinen and Panula, 1995; Vanhala et al., 1994; Auvinen and Panula, 1988) .
Histamine-ir ECL cells appeared in the oxyntic mucosa on Day E18 and increased sharply in number during the next 3 weeks (Nissinen et al., 1992~) . Recently, we have demonstrated a strong HDC mRNA expression in the basal half of the adult rat oxyntic mucosa, indicating synthesis of histamine in the site of histamine-ir ECL cells (Nissinen et al., 1992b) . Both gastric HDC-like immunoreactivity (Kubota et al., 1984) and gastric histamine immunoreactivity (Nissinen and Panula, 1993) have been revealed in the ECL cells exclusively. Surprisingly, in this study we did not find any gastric HDC mRNA during periparturition period. This may be due to a low level of embryonic HDC mRNA formation in the stomach. The role of histamine in embryonic mucosal development is not clear.
On Day E18, Northern blot analysis revealed three species (i.e., 1.6, 2.6, and 3.5 KB) of HDC mRNA of the same size as described previously by Joseph and colleagues (1990) for embryonic rat liver. We showed a high level of HDC mRNA expression in the whole E18 embryo and an even higher expression level in its liver, suggesting the major role of liver on E18 as site of histamine synthesis. The 2.6 KB species may encode the active fetal rat liver HDC . The 3.5 and 1.6 KB may be alternatively processed forms of HDC mRNA, but their physiological role is unclear. The 1.6 KB species is characteristic of HDC mRNA in brain, where it is found in all regions except the olfactory bulb (Bayliss et al., 1970) . However, it is not large enough to encode the HDC subunit present in liver on Day E18 (Mr 73,000) ). According to our results, the HDC-encoding active species was already present on Day E14. On Day PI, only the active species in the whole animal was hybridized, almost at the same low level as in the whole E14 embryo. During a period of 5 or 6 days, E18-P1, a considerable change in the expression of HDC mRNAs was apparent, because we observed only faint expression of the 2.6 KB species in the whole newborn rat. Furthermore, HDC mRNA was not present or was below the detection level of this method in the adult rat liver. These data are in agreement with histamine immunohistochemical findings on the restriction of histamine to a few scattered mast cells in the liver on Day P1 and during adulthood.
Significance of Histamine in Embryonic Tissues
Histamine may exert a dilator action on the umbilical and placental blood vessels, which lack innervation, and maintain adequate nutrition to the embryo until birth . Accumulating data indicate that histamine may regulate cell proliferation and survival time of tumor-bearing animals, directly affecting the cells or the immune defense system via Hi and H2 receptors. This evidence has been collected from studies with tumor tissues, hematopoietic cells, and in microsomal and nuclear fractions of the rat liver (Brandes et al., 1992; Bartholeyns and Fozard, 1985; Burtin et al., 1982 Burtin et al., ,1988 . In vitro, the influence ofhistamine may partly be explained by its control over the host immune system (Bartholeyns and Fozard, 1985) . Histamine can stimulate effector or contrasuppressor cells via Hi receptors and can produce an immunosuppressive effect by activating H2 receptors on suppressor cells (Bartholeyns and Fozard, 1985; Burtin et al., 1982; Gifford et al., 1981) . This hypothesis is supported by the increased survival time of tumor-bearing mice in which treatment by the combination of histamine and an H2-blocker, cimetidine, was the most beneficial (Burtin et al., 1982 (Burtin et al., ,1988 . Administration of the specific and irreversible HDC inhibitor a-FMH in vitro inactivates HDC and depletes the histamine stores. These effects are associated with marked inhibition of tumor growth in different animal models (Bartholeyns and Bouclier, 1984) .
The H3 receptor autoregulates histamine synthesis and release from histaminergic nerve endings (Arrang et al., 1987) , and it may also mediate the inhibitory effect of histamine on histamine release from gastric ECL cells (Hikanson et al., 1977) . However, the possible role of H3 receptors in developing cells is not known.
In embryogenesis, the role of histamine is poorly understood. We can safely assume that the HDC activity and the number of histamine-ir cells in rat and mouse embryos, and maternal urinary excretion of histamine increase during the last half of the embryonic life, reach a plateau during the 3 last prenatal days (Rosengren, 1963) . After birth the HDC activity decreased rapidly. We have revealed in this study a widespread but transient histamine-ir cell population and have shown that HDC is synthesized by embryonic cells. This supports Kahlson's early findings on non-mast-cell nascent histamine, which is formed owing to elevated embryonic HDC activity (Kahlson and Rosengren, 1968; Rosengren. 1963; Kahlson et al., 1960 Kahlson et al., ,1963 . Kahlson and Rosengren (1968) have reported that the histamine concentration in rat, mouse, and hamster em-bryonic tissues is surprisingly low compared with their high histamine-forming capacity. These authors suggested that the rapidly synthesized embryonic histamine is weakly bound to cells and is excreted at high concentrations in maternal urine. One explanation for the discrepancy between a high HDC activity and a low tissue concentration of histamine in embryos could be production of protein-bound y-glutamylhistamine by activation of the transglutaminase enzyme (Fesus et al., 1983) . This would explain the relatively high histamine binding in embryonic tissue extracts (Kahlson et al., 1960) . On the other hand, a high concentration of histamine in tissues in parallel with high HDC activity has been detected in mouse embryos (Watanabe et al., 1981) .
HDC is labile and the tissue content of the enzyme in adult rat is extremely low. Therefore, the enzyme has been difficult to purify (for review see Watanabe et al., 1991) . The decrease in HDC activity after Day E19 may be explained by its sensitivity to protease, e.g., mast cell serine protease (Yamada et al., 1980; Woodbury et al., 1978) .
Unfortunately, the distribution of histamine receptors has not yet been elucidated in the developing rat embryo. Interestingly, P19 embryonic carcinoma cells that resemble the pluripotent cells of an early mouse embryo express functional H I receptors, indicating a possible influence of histamine on their development (Bloemers et al., 1993) .
In conclusion, we have revealed a transient HDC mRNA expression in the rat embryonic liver, bone, muscle, and brain. In addition to these tissues, histamine immunoreactivity was transiently evident in several other embryonic cells, including peripheral, sensory, and autonomic nervous system. Three species of HDC mRNA were expressed at very high level in liver on Day E18, whereas on day P1 only the major species (2.6 KB) was weakly present. The present study suggests a widespread non-mast cell and mast cell storage of histamine during the pre-parturition period, enabling availability of histamine in several developing embryonic cells. Studies on expression of histamine receptors during embryogenesis and histochemically verified complete depletion of embryonic histamine are needed to further characterize the significance of histamine in development.
